We demonstrate electrically driven nonreciprocity on a silicon chip. By achieving an indirect interband photonic transition, we show that the transmission coefficients between two single-mode waveguides become dependent on the propagation directions only in the presence of the electrical drive. Our structure is characterized by a nonsymmetric scattering matrix identical to a linear magneto-optical device. DOI: 10.1103/PhysRevLett.109.033901 PACS numbers: 42.82.Àm The vast majority of photonic structures are reciprocal. Breaking reciprocity or time-reversal symmetry, as is typically accomplished with magneto-optical effects driven by external or internal magnetic fields, results in new physics such as the emergence of topologically protected one-way photonic edge modes [1] [2] [3] , as well as a variety of important devices including circulators and isolators, all of which are described by a nonsymmetric scattering matrix [4] . Unfortunately, the magneto-optical effect is not present in standard optoelectronic materials including most metals and semiconductors. While nonmagnetic approaches for achieving optical nonreciprocity have been extensively studied, the experimentally demonstrated approaches thus far however are either nonlinear or introduce additional frequency components. These approaches therefore have not completely reproduced a magneto-optical effect, which is linear and where the input and output waves have the same frequency. In this Letter, we demonstrate an electrically driven nonreciprocity on a silicon chip. By achieving an indirect interband photonic transition [5, 6] , we show that the transmission coefficients between two single-mode waveguides become dependent on the propagation directions only in the presence of the electrical drive. Importantly, our structure is characterized by a nonsymmetric scattering matrix identical to a linear magnetooptical device.
The vast majority of photonic structures are reciprocal. Breaking reciprocity or time-reversal symmetry, as is typically accomplished with magneto-optical effects driven by external or internal magnetic fields, results in new physics such as the emergence of topologically protected one-way photonic edge modes [1] [2] [3] , as well as a variety of important devices including circulators and isolators, all of which are described by a nonsymmetric scattering matrix [4] . Unfortunately, the magneto-optical effect is not present in standard optoelectronic materials including most metals and semiconductors. While nonmagnetic approaches for achieving optical nonreciprocity have been extensively studied, the experimentally demonstrated approaches thus far however are either nonlinear or introduce additional frequency components. These approaches therefore have not completely reproduced a magneto-optical effect, which is linear and where the input and output waves have the same frequency. In this Letter, we demonstrate an electrically driven nonreciprocity on a silicon chip. By achieving an indirect interband photonic transition [5, 6] , we show that the transmission coefficients between two single-mode waveguides become dependent on the propagation directions only in the presence of the electrical drive. Importantly, our structure is characterized by a nonsymmetric scattering matrix identical to a linear magnetooptical device.
There have been many previous efforts [6] [7] [8] [9] [10] [11] [12] [13] [14] aiming to demonstrate optical nonreciprocity without using magneto-optical effects. These efforts complement the substantial recent progresses [15] [16] [17] [18] [19] in miniaturization and integration of magneto-optical devices, by greatly broadening the choice of materials that can be used for demonstrating nonreciprocal physics. By the Lorentz reciprocity theorem, any linear system described by symmetric and time-independent permittivity and permeability tensors is necessarily reciprocal [20] . Therefore, to achieve nonreciprocity without magneto-optics, one necessarily has to rely upon either nonlinear or time-dependent effects. Nonreciprocity based upon ð2Þ , ð3Þ , and parametric nonlinearity have been previously demonstrated [7, 12, 13] . In these nonlinear devices, however, nonreciprocity is power dependent. Thus, their behaviors cannot be characterized by a linear scattering matrix and are fundamentally different from magneto-optical devices. Alternatively, linear nonreciprocity that is independent of signal intensity has been experimentally observed in dynamic structures undergoing electrical modulation [9, 11] . However, in all previously demonstrated electrically driven structures, the existence of nonreciprocity is associated with significant modulation frequency sidebands [9, 11] , which again distinguish these devices from magnetooptical effects. While in principle acousto-optic modulation can result in nonreciprocity, the low acousto-optic modulation frequency in the kHz to MHz frequency range results in a weak nonreciprocity that can be detected only with very long propagation distances [21] .
In this Letter we present an experimental observation of nonreciprocity using interband photonic transition in a silicon waveguide. Photonic transitions in highly confined optical structures, where modes can be carefully manipulated and tailored, are of fundamental interest due to conceptual analogy with electronic transitions in semiconductors [5] . An indirect interband photonic transition occurs between two optical modes having different longitudinal wave vectors (hence the word ''indirect''), and having transverse modal profiles with different symmetries (hence the word ''interband'' since the two modes belong to different photonic bands). Most photonic transitions, including the recent observation of photonic transition in microring resonators [22] , and photonic transitions in conventional traveling-wave electroabsorption modulators, are intraband transitions between two modes with the same transverse modal profiles. In intraband transition, the modulation that provides phasematched coupling between two modes at (!, k) and (! þ Á!, k þ Ák) will necessarily provide phasedmatched coupling between the modes at (! þ Á!, k þ Ák) and (! þ 2Á!, k þ 2Ák). Thus there is always a cascade of transitions with associated frequency sidebands. As a result, the demonstrated modulation-based isolation PRL 109, 033901 (2012) Selected for a Viewpoint in Physics P H Y S I C A L R E V I E W L E T T E R S week ending 20 JULY 2012 0031-9007=12=109(3)=033901 (5) 033901-1 Ó 2012 American Physical Society schemes always have significant frequency components in their output that are different from the input wave frequency. For demonstrating nonreciprocity, interband transition is more attractive since nonreciprocity occurs without the associated frequency sidebands in the intraband transition [6, 13] . Demonstrating indirect interband transition is however more challenging. Interband transitions between two different polarizations [21] as can be achieved in acousto-optic modulators, have extremely small operation bandwidth due to the lack of group velocity matching between the two polarizations. In a waveguide system, to induce an interband transition between two modes with different symmetry in its transverse modal profile, the modulation itself cannot be uniform across the waveguide cross section. In addition, since the typical frequency of high speed modulators [22] is on the order of few GHz, the wave-vector difference, between two different transverse modes having frequencies separated by a few GHz, is typically quite large and hence the modulation needs to be specifically constructed. Conventional traveling-wave electro-optic modulator designs cannot generate such a large required modulation wave vector.
Here we demonstrate indirect interband photonic transitions in a slotted waveguide shown in Fig. 1(a) . The waveguide supports an even and an odd optical mode [ Fig. 1(a) ]. The dispersion relation of the waveguide, as shown in Fig. 1(b) , is tailored so that the two modes are separated in frequency by only a few GHz, for a difference in wave vector k ¼ 2=, where is on the order of a few hundreds of microns. This enables one to create an interband transition between the two modes by applying an electrical signal with a GHz frequency that is achievable in silicon electro-optic devices [23] , and to use a structure that is compact (on the order of a few hundred microns in length). In order to induce photonic transition, the overlap integral between the modulation spatial distribution and the initial and final modes should be nonzero [6] and therefore the modulation is applied only to half of the slotted waveguide. Nonreciprocity in such structure is achieved, since the photonic transition does not occur when light propagates in the forward direction from left to right, and occurs only when light propagates in the opposite backward direction [ Fig. 1(b) ]. For this structure, assuming dimensions w ¼ 450 nm, h ¼ 215 nm, t ¼ 35 nm, and d ¼ 500 nm, Fig. 1(c) shows the mode amplitudes in both directions using coupled mode equations [6] , for a continuous wave input when the structure is subject to a 10 GHz index modulation. One sees total conversion in the backward direction and minimal conversion (< 2% in the example shown) in the forward direction. We emphasize that both the modulation and the optical input are continuous wave. The observed nonreciprocity is completely independent of the relative timing between the optical signal and the modulation.
The most unambiguous demonstration of nonreciprocity is to observe an asymmetry in the transmission coefficients between two single-mode waveguides for the forward and backward transmission directions. We therefore place a 1 Â 2 MMI (multimode interference waveguide) on both ends of the slotted waveguide [ Fig. 2(a) ]. The MMI serves to couple between a single-mode waveguide (with an even mode) and the even mode of the slotted waveguide, and to filter away the converted odd mode.
We contrast the two cases where we inject light into the single-mode waveguides along the two directions with the slotted waveguide undergoing modulation that induces interband transition. Figure 2 (b) shows a two-dimensional time-domain FEM (finite element method) simulation of the structure demonstrating such a contrast. In the forward direction (left to right), the photonic transition is not allowed, and the mode remains even in the slotted waveguide [ Fig. 2(b) , top panel]. Thus the structure has a high transmission coefficient. In contrast, in the backward direction (right to left), the transition is allowed and therefore the . As a result, the structure has a low transmission coefficient in the backward direction. We note that in Fig. 2 (b) the converted light, which is at a frequency that is slightly different from the input, is completely radiated away by the MMI. Since the conversion occurs along only one direction, the use of MMI results in a direction-dependent loss that is nonreciprocal. The waves in the two single-mode waveguides only have a single frequency component that is the input frequency. As a result, as far as the wave in the two single-mode waveguides is concerned, the structure is completely characterized by a single 2 Â 2 scattering matrix with directional-dependent transmission coefficients. From the scattering matrix perspective, the structure is therefore indistinguishable from a magneto-optical device. None of the previously demonstrated nonreciprocal structures that do not use magneto-optical effects have this property.
Based on the theory and numerical simulations above, we experimentally demonstrate the nonreciprocity in interband photonic transition in this system. We place pn-junction electrical diodes inside a slotted waveguide, and realize electrical traveling-wave modulation by applying voltages to these diodes through two microwave transmission lines. We use a modulation frequency of 10 GHz, which corresponds to the difference in frequency between the two optical modes for the waveguide shown in Fig. 1(b) . At this modulation frequency, the electrical wave along the transmission lines has a large period above a centimeter and a corresponding small wave vector, which is not suitable for achieving the interband transition that we require here.
To achieve a larger modulation wave vector, in our structure, the modulation wave vector is instead encoded in the pn-junction configurations. We use an array of two different junction regions (pn-np and np-pn) placed in alternating positions along the waveguide, and sinusoidally vary the voltages in the two transmission lines with a =2 difference, as shown in Figs. 3(a) and 3(b) . Under an applied bias, only the reverse-biased diodes experience carrier depletion and hence generate significant index change, while the forward-biased diodes experience only minimal carrier leakage and generate no significant index change. In this way, we therefore create a traveling-wave refractive index modulation profile, with a spatial period corresponding to four junction regions along the waveguide [ Fig. 3(c) ]. Our configuration of junction regions also ensures that index modulation is induced in part of the cross section of the waveguide, fulfilling the required condition of nonzero overlap between the modulation and the product of the profiles of the modes involved.
The achieved modulation of the refractive index along the waveguide is shown in Fig. 3(c) . Each circle, square, triangle, and diamond correspond to a diode along the propagation axis. The lines with circles and squares correspond to pn-np and np-pn diodes connected to one transmission line, while the lines with diamonds and triangles correspond to the pn-np and np-pn diodes connected the second transmission line having a =2 phase difference. The achieved fundamental harmonic of the index modulation is shown with the solid line. One can clearly see that each modulation period m of 450 m is discretized in   FIG. 2 (color online) . (a) Schematic of the isolator. A singlemode waveguide feeds a 1 Â 2 MMI, which provides the even mode for the isolator. By modulating the refractive index of one waveguide, we obtain a nonzero overlap between the modes and modulation. In one direction, the even mode is converted to the odd mode, but it is not converted in the other direction. 
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week ending 20 JULY 2012 033901-3 four parts, with an index change period slightly smaller than 450 m due to the traveling-wave voltage distribution across the transmission line [lines with triangles, diamonds, squares, and circles in Fig. 3(c) ]. In our experimental structure, each diode is designed to be 110-m long separated by a 2:5-m region with the opposite dopant providing electrical insulation. Such choice of parameters ensures that the phase matching condition is satisfied at the operation frequency. The overall number of discrete modulation periods is 22, i.e., 88 modulation sections, or 166 diodes. In order to prevent the periodically loaded transmission lines from having a cutoff below the desired modulation frequency, we add spiral inductors in parallel with each of the pn-np and np-pn junctions in the waveguide (with a total length 1.5 mm corresponding to an L % 1:84 nH). The length of the stub connecting the capacitors and inductors to the transmission line also affects the cutoff frequency, and from design we expect that a 100-m long stub would push the cutoff above 10 GHz. In order to induce maximum index modulation with minimal loss, the dopant concentrations in the n-doped and p-doped regions were chosen to be 1 Â 10 18 cm À3 and 1 Â 10 17 cm À3 respectively, with the center of the doped region shifted about 190 nm from the center of each of the waveguides, so that losses are minimized for the index change required of the device.
We measure the forward and backward transmission spectra by inputting a continuous wave optical signal, applying a 10 GHz modulation on the structure, and swapping the input and output fibers. Note that the amplitude of the output signal is not affected by the modulation since only the phase (i.e., refractive index) is modulated. Figure 4 shows the ratio between the two spectra. When no electrical signal is applied, the transmission is completely reciprocal with a unity contrast ratio between the forward and backward direction. (The noise measured in the experiments is caused by the mechanical instability of the coupling fiber and can be future reduced.) When the electrical signal is applied, a clear dip appears in the spectrum, indicating nonreciprocity induced by photonic transition, as shown in Fig. 4 . As we continue to increase the power of the applied modulation (i.e., stronger coupling between the even and odd modes), we obtain greater contrast between forward and backward transmission. We measured up to 3 dB contrast when operating at a wavelength of 1558 nm. This contrast is smaller than the one obtained from simulation due to limitations with our electrical signal power supply, which can achieve a maximum 25 dBm output power (or 5.6 V p applied, which might be smaller due to reflections caused by impedance mismatch). For comparison, we show in the bottom right of Fig. 4 the simulated relative transmission using the mode conversion equations and considering the dispersion of the waveguide to determine the bandwidth. One can see that the results agree well with the expected performance of the device.
The spectral width of the dip corresponds to the bandwidth of the device and is limited by the group velocity mismatch of the even and odd modes. In our measured spectrum (Fig. 4) , we see significant nonreciprocity over a bandwidth of 200 GHz. This bandwidth is much larger than the modulation frequency used. This result provides a direct experimental proof that the operating bandwidth of the device is not limited by the available modulation frequency, and thus a proof-of-principle demonstration that broadband operation of such a device is achievable. Theoretically, it has been pointed out that the bandwidth of such a device can exceed THz for 10 GHz modulation frequency [24] .
Our demonstration of nonreciprocity provides an important step toward integrated nonmagnetic optical isolator on a silicon chip. In addition to the bandwidth consideration as discussed above, the isolation ratio, insertion loss, and power efficiency of the device can be further improved using appropriate design and fabrication of the waveguide and electrical elements. The isolation ratio can be increased by having better impedance matching and higher input power for the electrical signal. There is no fundamental limit on the isolation ratio that one can obtain in the present scheme. For this specific device, the insertion loss is around 70 dB primarily due to the waveguide scattering loss, which can be significantly reduced with better fabrication processes. Modulation loss caused by diodes will ultimately limit the insertion loss. In our current design, the dopants are expected to induce loss on the order of 16 dB   FIG. 4 (color online) . In the left we show the electrical elements (optical microscope) and optical elements (scanning electron microscopy) of the electrically driven optical isolator. In the right we show sequentially the increase of isolation measured as a function of electrical signal input power (solid line). We observe up to 3 dB isolation with an electrical input of 25 dBm, and smaller values as the input decreases. The dashed lines are the fitting considering the conversion equations. In the bottom right we show the maximum isolation expected and the bandwidth of conversion for the dispersion extracted from the fitting of the measured data.
week ending 20 JULY 2012 033901-4 for a 1.0 cm device. This loss could be decreased greatly by using alternative pn-junction schemes such as recently demonstrated in [25] , which also reduce the power consumption and increase the isolation attained. Supplementary information.-We fabricate the device on a SOI platform in a completely complementary metaloxide semiconductor (CMOS)-compatible process. The polymethyl methacrylate (PMMA) photoresist masks for the dopants are written using e-beam lithography, followed by implantation of B þ with a concentration of 1 Â 10 17 cm À3 and the P À with a concentration of 1 Â 10 18 cm À3 . Masks for highly doped regions are written as well, followed by implantation of 1 Â 10 20 cm À3 of BF 2 þ and Ar À to form a low-resistance region for accessing the p and n regions, respectively, for electrical contacts. Next we write a maN-2403 photoresist mask with the waveguide pattern using e-beam lithography, and etch the silicon down 215 nm, leaving a thin 35-nm slab everywhere. The dopants are then activated in an anneal furnace and a rapid thermal anneal (RTA) process, followed by cladding the waveguides with a 1-m thick SiO 2 deposited with a plasma-enhanced chemical vapor deposition (PECVD) tool. We then write the mask for vias and inductors, etching through the SiO 2 and sputtering 100 nm of MoSi 2 for low-resistance contacts and 600 nm of AlCuSi. Another cladding layer is deposited, 600-nm thick, and a second set of vias is etched. Finally, we write the mask for liftoff of a 1500 nm deposition of AlCuSi to fill up the vias and form the transmission lines. In the left side of Fig. 4 , we show an image of the electrical elements of the isolator and of the optical elements of the fabricated device. The insets point out to the inductors we place in parallel to the diodes, and to the vias which contact the pn-np diodes.
For the simulation shown in Fig. 2(b) , the input signal was set at a wavelength of 1550 nm, and the permittivity modulation has a maximum Á" ¼ 0:232 11, at 10 THz with wave number q ¼ 541 391 m À1 . The total length of the waveguide is 30 m. Also, simulations with modulation frequency reduced down to 100 GHz were successfully performed, with q ¼ 25 984:8 m À1 , Á" ¼ 0:0182 and device length of 0.413 mm, with mode conversion observed in only one direction. These parameters are chosen so that we can use full field simulations to highlight the essential physics, and to validate the coupled mode theory model. The experimental modulation frequency is at 10 GHz, and the theoretical model that is directly compared to the experiments is a coupled mode theory model.
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